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Epithelial cells form organized sheets 
to protect underlying tissues and 
maintain the physiological environment 
by the assembly of tight junctions (TJs) 
and adherens junctions (AJs), which 
mainly regulate paracellular molecular 
passage and selective cell-cell adhesion, 
respectively. At the cytoplasmic surface, 
TJs and AJs associate with a specific acto- 
myosin cytoskeletal structure called the 
perijunctional actomyosin ring (PJAR), 
which encircles cells in a belt-like manner. 
ZO family proteins play important roles 
in regulating TJ and PJAR organization. 
We recently found that ARHGEF11, a 
member of the RGS-RhoGEF family of 
proteins, associates with TJs by binding 
to ZO-1. ARHGEF11 mediates ZO-1- 
dependent junction assembly and barrier 
formation in mammary epithelial cells. 
Another recent study demonstrated that 
ARHGEFll-dependent apical actomyo- 
sin contraction is coupled to planar cell 
polarity signaling in neuroepithelial cells 
for the control of neural tube formation. 
These findings suggest that ARHGEF11 
generally regulates apical junctions and 
junction-associated actomyosin in vari- 
ous epithelial tissues. 

Introduction 

For the development and maintenance 
of multicellular organisms, polarized epi- 
thelial cells form sheet-like structures by 
adhering tightly to each other. The respec- 
tive organ is protected and controlled by 
differentiated epithelial cell sheets. The 
apical junctional complex (AJC), which 
is composed of tight junctions (TJs) and 
adherens junctions (AJs) plays crucial roles 



in the formation and physiological regula- 
tion of epithelial cell sheets. 1 TJs and AJs 
are intimately located at the apical region 
between neighboring cells and the estab- 
lishment of these two types of junctions 
is closely linked. 2 During the formation 
of AJC, calcium-dependent homophilic 
interactions between cadherin molecules 
initially occur between neighboring cells. 
Then, clustering of cadherin molecules is 
promoted and actin filaments are recruited 
to the cadherin-based cell-cell adhesion 
sites. The engagement of cadherin with 
actin filaments via catenin results in the 
stabilization of cadherin clusters and fur- 
ther accumulation of actin filaments at the 
junctions, followed by dramatic reorgani- 
zation of the actomyosin cytoskeleton. The 
reorganized actomyosin complexes, which 
encircle cells in a belt-like manner, form 
a structure defined as the perijunctional 
actomyosin ring (PJAR). 3 The contractil- 
ity of the PJAR further mediates the tran- 
sition of cells into a columnar shape and 
the accumulation of TJ components at the 
apical surface. 4,5 The newly developed TJs 
are stabilized by their interactions with 
the PAJR, resulting in a fully polarized 
epithelial phenotype with distinct apical 
and basolateral membrane compartments. 
The established TJs create the primary 
barrier that prevents the passage of mol- 
ecules and ions through the paracellular 
space between cells. In addition, TJs func- 
tion as the fence that restricts the diffu- 
sion of integral membrane proteins and 
lipids between the apical and basolateral 
surfaces of the cells to maintain cellular 
polarity. 6 Multiple components of TJs, 
including the scaffold ZO family proteins 
(ZO-1, ZO-2, and ZO-3), are reported to 
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interact with the actomyosin cystoskeleton 
and these interactions are important for 
the regulation of TJ properties and PJAR 
organization. 710 Recent studies have fur- 
ther improved our understanding of the 
molecular mechanisms underlying the 
ZO-l-dependent and -independent con- 
trol ofTJs andPJARs. 

Rho Signaling in the Control 
of TJs and PJARs 

The Rho family of small GTPases are 
major regulators of the organization of 
the actin cytoskeleton, and they have been 
shown to be involved in the establish- 
ment and maintenance of TJs as well as 
PJARs." The Rho specific inhibitor, C3 
transferase, suppresses junction assembly 
and increases paracellular permeability. 12 
Expression of dominant negative Rho in 
kidney epithelial cells abolishes the fence 
function of TJs without obvious alterations 
in the organization of TJs and the expres- 
sion of their components. Interestingly, 
constitutively active Rho expressed at rela- 
tively low levels perturbs both the barrier 
and fence functions similar to dominant 
negative Rho. 13 Several other studies have 
also demonstrated that inhibition of Rho 
induced the same effects as constitutive 
activation of Rho, 14 suggesting that Rho 
activity is finely controlled to regulate the 
structure and function of TJs. 

The Rho-associated kinase, ROCK, is 
a downstream effector of Rho that mainly 
mediates Rho-dependent control of TJs 
and PJARs. The inhibition of ROCK 
induced the reorganization of PJAR 
structure and enhanced the paracellular 
permeability of intestinal epithelial cells 
without affecting the distribution and 
solubility of TJ components. 15 However, 
the recruitment of ZO-1 to newly form- 
ing cell-cell adhesion sites was prevented 
by the inhibition of ROCK. These obser- 
vations indicate that ROCK is important 
for the barrier function and the assembly 
of TJs, but is not indispensable for main- 
taining the integrity of the established TJ 
structure. 

ROCK stimulates the activation of 
myosin-II by regulating the phosphoryla- 
tion state of myosin light chain (MLC). 16 
The phosphorylation of MLC is also 
mediated by myosin light chain kinase 



(MLCK). The inhibition of MLCK 
reduces the MLC phosphorylation level 
and prevents barrier function in response 
to physiological and pathological stimuli. 17 
Expression of constitutively active MLCK 
in confluent intestinal epithelial cells 
impaired barrier function and increased 
paracellular permeability. 18 These studies 
indicate that MLC activity is a pivotal ele- 
ment in the regulation of TJs and PJARs 
downstream of Rho signaling. 

Meanwhile, guanine nucleotide- 
exchange factors (GEFs) are directly 
responsible for the activation of Rho 
family GTPases. Of more than 70 GEF 
family members, two GEF proteins spe- 
cific for Rho, GEF-H1 and pll4RhoGEF, 
have been reported to localize and func- 
tion at TJs. 19 ' 20 GEF-H1 and pll4Rho- 
GEF are recruited to TJs by direct 
interaction with the cytoplasmic TJ pro- 
tein cingulin, but they appear to form 
distinct complexes. GEF-H1 associates 
with microtubules and 14-3-3," while 
pll4RhoGEF binds to the (3-gamma 
subunit of heterotrimeric G-proteins and 
lulu2. 21,22 The association of GEF-H1 
with cingulin reduces its GEF activity, 
and this inactive state is maintained at 
TJs. The depletion of GEF-H1 attenuated 
cell spreading but did not affect TJ for- 
mation. In contrast, pll4RhoGEF deple- 
tion caused dissociation of ZO-1 from 
cell-cell adhesion sites and disrupted TJs 
in corneal epithelial cells, while it caused 
the disorganization of PJARs in confluent 
cultured adenocarcinoma colon cells. 20 
Because such alterations are not observed 
in pll4RhoGEF-depleted mammary epi- 
thelial cells, 23 the molecular machinery 
regulating TJs and PJARs may vary from 
cell type to cell type. 

The RGS-RhoGEF Protein, 
ARHGEF11, Regulates TJs 
and PJARs in Epithelial Cells 

ZO proteins bind directly to actin and 
actin regulatory molecules such as cor- 
tactin. 24 In addition, the depletion of ZO 
proteins leads to the disorganization not 
only of TJs but also of PJARs, resulting 
in impaired barrier function. 8,9 These data 
suggest that ZO proteins play crucial roles 
in the coordinated regulation of TJs and 
PJARs. 



ARHGEF11 localizes at TJs via direct 
interaction with ZO-1. To gain further 
insights into the regulation of TJs and 
PJARs by ZO proteins, we attempted 
to identify signaling molecules which 
work cooperatively with ZO proteins by 
yeast two-hybrid screening. Using this 
approach, we identified ARHGEF11 (also 
named PDZ-RhoGEF) as a novel ZO-1 
binding protein. 23 ARHGEF11 directly 
and specifically interacts with ZO-1 via 
ZO-l's C-terminal region. ARHGEF11 is 
a specific GEF for Rho and contains an 
RGS domain, which regulates the activity 
of the Ga n/ subunit of heterotrimeric G 
proteins. 25 Interestingly, it was reported 
that Ga p is localized to TJs by binding 
to ZO-1, and the treatment of cells with 
LPA, a stimulator of Gct ]2/B , was shown to 
modulate PJAR assembly. 26,27 Therefore, 
the ZO-1/ARHGEF11 complex may link 
G protein-coupled signaling to Rho at 
TJs. 

In epithelial tissues such as the mam- 
mary glands and in various epithelial cell 
lines, ARHGEF11 was co-localized with 
ZO-1 at TJs. ARHGEFll's localization at 
TJs was significantly disturbed in ZO-1- 
depleted mammary epithelial cells. Almost 
all ARHGEF11 exhibited a cytoplasmic 
distribution with a punctuate pattern, but 
the level of ARHGEF11 expression was 
not altered by eliminating ZO-1. In con- 
trast, neither the expression nor localiza- 
tion of ZO-1 was markedly affected in the 
ARHGEFll-depleted cells. These obser- 
vations suggest that ZO-1 is indispensable 
for ARHGEF11 to target TJs, while ZO-1 
does not require ARHGEF11 for its own 
TJ targeting. 

Participation of ARHGEF11 in 
junction assembly and maintenance. 
ARHGEF11 depletion attenuates the 
assembly of TJs and PJARs as well as 
establishment of the paracellular barrier. 
When calcium was depleted from the 
culture medium of mammary epithelial 
cells, myosin-IIB was observed diffusely 
throughout the cytoplasm and at the cell 
cortex. The reintroduction of calcium 
induced reorganization of myosin-IIB 
as thick subcortical bundles that were 
gradually refined into a thin linear pat- 
tern. This process took much longer when 
ARHGEF11 was depleted. Likewise, the 
formation of TJs was attenuated and the 
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establishment of the barrier was impaired 
by ARHGEF11 suppression in this cal- 
cium switch assay. ARHGEF1 1 is localized 
to a primordial spot-like AJ with the cad- 
herin-catenin complex during the initial 
phase of epithelial junction assembly simi- 
lar to ZO-1. Furthermore, in the absence 
of cell-cell contacts in low calcium culture 
conditions, ARHGEF11 and ZO-1 were 
co-localized in intense spots within the 
cells, indicating that ARHGEF11 is con- 
stitutively associated with ZO-1. If that 
is the case, ARHGEF11 could be quickly 
recruited to cell-cell adhesion sites and 
orchestrate the epithelial-type actomyo- 
sin architecture required for polarization 
from the initial step onwards. 

In contrast, the organization of TJs 
and PJARs was not notably compromised 
when the AHGEFll-depleted mammary 
epithelial cells were cultured under conflu- 
ent conditions for several days. Occludin 
and myosin-IIB exhibited almost the 
same expression and distribution pat- 
terns between control and ARHGEF 11- 
depleted cells. Unexpectedly, however, 
the lateral distribution and solubility of 
cadherin-catenin complexes appeared to 
be increased by ARHGEF11 depletion 
in confluent cultured mammary epithe- 
lial cells. Although the mechanism of 
and reason for this alteration are not yet 
known, ARHGEF11 depletion may affect 
the association between cadherin-catenin 
complexes and mature PJARs, but the 
overall organization of established TJs, 
AJs and PJARs is not appreciably affected 
by the depletion of ARHGEF11. 

ARHGEF11 affects myosin light 
chain activity at cell-cell contact sites. 
Of several actomyosin regulators that 
are downstream targets of Rho, MLC 
appears to be specifically modulated by 
ARHGEF11. The phosphorylation level 
of MLC was significantly downregulated 
in ARHGEFll-depleted cells compared 
with control cells in the calcium switch 
assay, while other actomyosin regulators 
such as ERM and Src were not affected. 
Moreover, the accumulation of p-MLC 
at cell-cell contact sites was retarded in 
the ARHGEFll-depleted cells. These 
observations indicate that the depletion of 
ARHGEF11 led to a reduction in MLC 
activity at cell-cell adhesion sites involved 
in PJAR formation. 



A previous study demonstrated that the 
increase in p-MLC level induced by the 
constitutive activation of MLCK caused 
TJ barrier dysfunction, 18 which seems 
to be contradictory to our observations. 
Conversely, another study demonstrated 
that suppressing the p-MLC level by 
inhibiting ROCK prevented the formation 
of TJs and barriers in the calcium switch 
assay, 15 and dominant-negative and con- 
stitutively-active Rho exhibited the same 
effects on TJ properties as noted above. 13 
A rational interpretation of these diverse 
results may be that the appropriate con- 
traction force of actomyosin at the cell-cell 
contact sites is crucial, and that either an 
excessive or a reduced p-MLC level could 
lead to inadequate actomyosin contraction 
and consequently to the impaired forma- 
tion and function of TJs and PJARs. 

ARHGEF11 is specifically required 
for TJ and PJAR remodeling by ZO-1. 
The depletion of ZO-1 alone retards junc- 
tion assembly and barrier establishment 
similar to the depletion of ARHGEF11. 28 
In contrast, when ZO-1 and ZO-2 are 
depleted simultaneously, the organization 
of TJs and PJARs as well as the epithelial 
barrier are severely compromised. 8 ' 9 The 
re-expression of either ZO-1 or ZO-2 is 
sufficient to prevent such defects, sug- 
gesting that these proteins play redundant 
roles in organizing TJ and PJAR archi- 
tecture. However, it appears that ZO-1 
and ZO-2 utilize independent molecular 
pathways. In the absence of ARHGEF11, 
re-expressed ZO-1 could not rescue 
impaired phenotypes in mammary epi- 
thelial cells depleted of both ZO-1 and 
ZO-2. In addition, the defects were not 
restored by a mutant ZO-1 lacking the 
ARHGEFll-binding C-terminal domain. 
This mutant ZO-1 was localized to cell- 
cell contact sites similar to wild-type 
ZO-1, but ARHGEF11 was distributed in 
the cytoplasm. 

In contrast, ARHGEF11 depletion 
did not affect ZO-2-dependent rescue of 
the impaired TJ and PJAR architecture. 
Moreover, cells depleted of ARHGEF11 
and ZO-2 exhibited aberrant localization 
of myosin-IIB and occludin, similar to 
the patterns observed in ZO-1 and ZO-2 
depleted cells. This result suggests the pos- 
sibility that ZO-2 interacts with another 
RhoGEF protein or utilizes another 



pathway that regulates TJs and PJARs 
in parallel with the ZO-1/ARHGEF11 
pathway. Although the molecular basis of 
ZO-2-dependent regulation remains elu- 
sive, the existence of redundant molecular 
pathways to control the integrity of TJs 
and PJARs seems very likely, because dis- 
ruption of the epithelial barrier can imme- 
diately cause serious problems for the life 
of multicellular organisms. 

ARHGEF 1 1 is indispensable for neural 
tube formation. Recently, Nishimura et 
al. reported that ARHGEF 11 is involved 
in polarized actomyosin contraction in 
the neural plate. 25 The neural plate is 
a specific epithelial sheet which bends 
along the anterior-posterior axis to form 
the neural tube in the early embryonic 
developmental stage. The inward 
bending of the neural plate depends on 
actomyosin-mediated constriction of the 
apical surfaces in the cells specifically 
located at the region to generate a hinge 
effect for neural tube formation. Several 
studies have demonstrated that ROCK 
plays an important role in the bending 
of the neural plate and the apical 
constriction of neuroepithelial cells. 30 
At the same time, Celsrl, a planar cell 
polarity (PCP) regulator possessing a 
seven pass transmembrane nonclassical 
cadherin structure, was shown to 
be important for adhesion between 
neighboring neuroepithelial cells and 
neural tube formation. 31 It has been 
postulated that there are mediators which 
link Celsrl-dependent PCP signaling and 
ROCK-dependent actomyosin activation. 
Nishimura et al. found thatARHGEFll is 
localized at the apical side of neural plates 
along the pMLC cables. The depletion of 
ARHGEF 11 reduced the p-MLC level 
and abolished its polarized condensation 
in neuroepithelial cells. Furthermore, 
ARHGEF 11 depletion caused loss of the 
polarized contraction of actomyosin and 
enlargement of the apical surface area of 
cells, resulting in the prohibition of neural 
tube closure. Celsrl functions upstream of 
ARHGEF 11 and ROCK and is not able 
to regulate the contractility of junction- 
associated actomyosin in the absence of 
ARHGEF11. In addition, the junctional 
accumulation of ARHGEF 11 is required 
to activate ROCK at the junctions. These 
observations indicate that ARHGEF 11 
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Figure 1. Molecular pathways regulating TJs and PJARs mediated by Rho. Rho signaling plays 
essential roles in the establishment and maintenance of TJs and PJARs. Several RhoGEF proteins 
are possibly implicated in the control of Rho GTPase activity at TJs by their interaction with 
cytoplasmic components. ARHGEF11 appears to bind ZO-1 constitutively and be indispensable 
for ZO-1-dependent TJ and PJAR regulation. It is not clear whether connections exist between 
multiple RhoGEF proteins. The spatiotemporal dynamics of the proteins involved in Rho- 
mediated TJ and PJAR regulation in response to physiological and pathological stimuli need to 
be further characterized. See text for details. Two-way arrows indicate physical interactions and 
dotted lines show hypothetical pathways. 



plays critical roles in neural tube 
formation by integrating PCP signals, cell 
adhesion and actomyosin contractility in 
neuroepithelial cells. 

Concluding Remarks 

The structure and barrier function of TJs 
are not static, but change dynamically 
in response to physiological and patho- 
logical stimuli. The dynamic regulation 
of TJs largely depends on Rho signaling 
and junction-associated actomyosin, and 
the implicated molecular components 
and networks connecting these elements 
appear to be complicated and several path- 
ways may exist (Fig. 1). For example, at 
least three RhoGEF proteins are localized 
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